The plant-specific transcription factor LEAFY (LFY) is considered to be a master regulator of flower development in the model plant, Arabidopsis. This protein plays a dual role in plant growth, integrating signals from the floral inductive pathways and acting as a floral meristem identity gene by activating genes for floral organ development. Although LFY occupies an important position in flower development, the functional divergence of LFY homologs has been demonstrated in several plants including monocots and gymnosperms. In particular, the functional roles of LFY genes from orchid species such as Phalaenopsis that contain unique floral morphologies with distinct expression patterns of floral organ identity genes remain elusive. Here, PhapLFY, an ortholog of Arabidopsis LFY from Phalaenopsis aphrodite subsp. formosana, a Taiwanese native monopodial orchid, was isolated and characterized through analyses of expression and protein activity. PhapLFY transcripts accumulated in the floral primordia of developing inflorescences, and the PhapLFY protein had transcriptional autoactivation activity forming as a homodimer. Furthermore, PhapLFY rescues the aberrant floral phenotypes of Arabidopsis lfy mutants. Overexpression of PhapLFY alone or together with PhapFT1, a P. aphrodite subsp. formosana homolog of Arabidopsis FLOWERING LOCUS T (FT) in rice, caused precocious heading. Consistently, a higher Chl content in the sepals and morphological changes in epidermal cells were observed in the floral organs of PhapLFY knock-down orchids generated by virus-induced gene silencing. Taken together, these results suggest that PhapLFY is functionally distinct from RICE FLORICAULA/LEAFY (RFL) but similar to Arabidopsis LFY based on phenotypes of our transgenic Arabidopsis and rice plants.
Introduction
LEAFY/FLORICAULA (LFY/FLO) family proteins are known to be floral pathway integrators participating in the developmental transition of plants from the vegetative to the reproductive phase when the vegetative meristem switches to the inflorescence meristem and sequentially converts into floral meristem (reviewed in Parcy 2005) . As initially reported in Antirrhinum and Arabidopsis, LFY/FLO is a floral meristem identity gene that regulates the production of floral meristem primordia, and initiation and patterning of floral organs by activating floral organ identity genes (Schultz and Haughn 1991 , Weigel et al. 1992 , Weigel and Nilsson 1995 . Loss of function of LFY causes conversion of the floral meristem into inflorescence shoots (Schultz and Haughn 1991, Weigel et al. 1992) , whereas ectopic expression of LFY causes conversion of the inflorescence meristem into a terminal flower (Weigel and Nilsson 1995) . The mechanism by which LFY determines floral meristem identity and organ patterning is based on the induction of floral homeotic genes. For example, to establish floral meristem identity, LFY directly activates APETALA1 (AP1), which in addition to its function in floral meristem identity also acts as an A class gene in Arabidopsis (Irish and Sussex 1990 , Mandel and Yanofsky 1995 , Wagner et al. 1999 , Moyroud et al. 2011 , Winter et al. 2011 ) and, to determine floral organ patterning, LFY activates genes such as APETALA3 (AP3) and AGAMOUS (AG) (Parcy et al. 1998 , Busch et al. 1999 , Moyroud et al. 2011 , Winter et al. 2011 . The activation of AP3 expression requires UNUSUAL FLORAL ORGANS (UFO) as a co-activator (Parcy et al. 1998) , while the activation of AG expression needs the homeodomain transcription factor WUSCHEL (WUS) as a coactivator (Lenhard et al. 2001 , Lohmann et al. 2001 . In addition, a recent report by Yamaguchi et al. (2012) implicated LFY in adaxial identity of cells in the pedicel, influencing floral positioning. Moreover, LFY was also shown to stimulate flower development and the formation of the floral primordia through the control of phytohormone response pathways such as auxin and gibberellin pathways (Mutasa-Gottgens and Hedden 2009 , Chahtane et al. 2013 , Yamaguchi et al. 2013 . The LFY protein is known as a plant-specific transcription factor (Weigel et al. 1992 ) with a DNA-binding domain (DBD) that is structurally related to the helix-turn-helix (HTH) domains (Hamés et al. 2008 ) at the C-terminus, while the N-terminal region is for homodimerization (Siriwardana and Lamb 2012a) . Unlike many other transcription factors that belong to multigene families, LFY exists as a single-copy gene in most angiosperms Lamb 2012b, Kovach and Lamb 2014) , which makes it unusual among transcription factors in plants.
RICE FLORICAULA/LEAFY (RFL), a rice LFY homolog, is predominantly expressed in young panicles, and its mutant, apo2/ rfl, showed aberrant floral organ identities and loss of floral meristem determinacy (Ikeda-Kawakatsu et al. 2012) . The duplicate maize LFY homologs ZFL1 and ZFL2 play roles in both transition to flowering and proper organization of floral meristems: zfl1 zfl2 double mutants show defects in floret determinacy and organ identity in male and female inflorescence (Bomblies et al. 2003) . The discovery of LFY/FLO-like genes with similar functions in both monocot and dicot plant species supports the conserved role of the gene family in integrating floral transition signals and regulating floral meristem architecture.
Although control of flower development is the core function of LFY/FLO or LFY/FLO-like genes in many plants, recent evidence suggests that they act during vegetative growth to control compound leaf development in legumes (Hofer et al. 1997) , tomato (Molinero-Rosales et al. 1999 ) and even plant defense pathways in Arabidopsis (Winter et al. 2011) .
The Orchidaceae, which include approximately 25,000 species, is one of the largest families of angiosperms. Phalaenopsis is an epiphytic and monopodial orchid with thick and succulent leaves. Generally, orchids can be divided into two groups, sympodial and monopodial, based on their growth morphology. Sympodial orchids such as those from the genera Cattleya, Cymbidium, Dendrobium and Oncidium grow from a stem that is horizontal. On the other hand, monopodial orchids, including Phalaenopsis, Paphiopedilums and Vanda, grow vertically as a single upright stem with one leaf following another on opposite sides of the center. The Orchidaceae display a high degree of speciation, with wide variations in floral features such as morphology, size, color and fragrance for attraction of pollinators. Unlike most model plants which have radial symmetry in floral organ arrangement, Phalaenopsis orchids produce zygomorphic flowers (http://www.mobot.org/MOBOT/ research/APweb/). Phalaenopsis aphrodite subsp. formosana, a Taiwanese native Phalaenopsis orchid, has been considered as a model Phalaenopsis species for research on growth and development of orchids , Su et al. 2011 , Su et al. 2013 . Recently, a unique and/or large modification of the expression patterns of floral organ identity genes was reported in Phalaenopsis orchid and, based on the results, an altered ABCDE model for the orchid flower development was suggested (Chen et al. 2007 , Su et al. 2013 . Although several genes affecting flower development have been identified in Phalaenopsis orchids (Su et al.2013 , Pan et al. 2014 , the functional role of the LFY gene during the orchid flower developmental process still remains to be studied.
In the current study, an LFY homolog from the monopodial orchid P. aphrodite subsp. formosana was isolated and its molecular characterization was undertaken together with investigation of its functional activities in plants. Since flowers of Phalaenopsis orchids have unique floral structure and LFY/ FLO (or LFY/FLO-like genes) is one of the major genes that affects whole floral development processes in many other plant species, molecular functional characterization of PhapLFY will be of great help not only for understanding the molecular mechanisms of flower development of Phalaenopsis orchids but also in molecular breeding to generate new varieties of Phalaenopsis orchids containing desirable floral morphologies in the future.
Results
Isolation and characterization of PhapLFY from P. aphrodite subsp. formosana A homolog of Arabidopsis LFY, PhapLFY, was isolated from P. aphrodite subsp. formosana, a Taiwanese native monopodial orchid. The open reading frame (ORF) of PhapLFY spans 1,419 bp and encodes a putative protein of 472 amino acids (GenBank accession No. KP893636). Protein sequence analyses showed that PhapLFY has a mol. wt. of 51.72 kDa and a theoretical pI value of 6.41. It has 78.5% identity to ChLFY, a Cymbidium orchid LFY homolog, 53.2% identity to RFL, a rice LFY homolog, and 47.0% identity to Arabidopsis LFY. PhapLFY also has two conserved domains at both ends. In particular, the C-terminal region between Glu280 and Arg436 is well conserved with LFY homologs from other plant species, which is known to be similar to the DBD domains of HTH proteins (Hamés et al. 2008) . Interestingly, an acidic region composed of many glutamic acids and aspartic acids is located in front of the conserved C-terminal region, and a basic histidine patch between His138 and His144 is likely to be characteristic of orchid LFY proteins, which might suggest functional divergence ( Supplementary Fig. S1 ). Phylogenetic analysis showed that PhapLFY belongs to the monocot group in the same cluster as ChLFY and PhalLFY identified from orchids, Cymbidium hybrid cultivar and Phalaenopsis hybrida cv. wedding promenade (Zhang et al. 2010) , respectively (Fig. 1) .
Expression analyses
PhapLFY expression was examined by quantitative real-time PCR (qPCR) using various organs of the orchid. The PhapLFY transcripts were detected in almost all the organs tested, reflecting results reported for LFY homologs from other plants including Cornus, papaya, radish, soybean, Chrysanthemum, pineapple (Yu et al. 2005 , Meng et al. 2007 , Oshima and Nomura 2008 , Lv et al. 2011 , Ma et al. 2013 , and so on. Interestingly, elevation of PhapLFY expression was observed during inflorescence development ( Fig.  2A, B) . For temporal expression analyses during vegetative growth, three different developmental stages of the orchid were examined, and PhapLFY transcripts were detectable in the leaves of young plants and gradually reduced as the orchid matured ( Fig. 2C, D; Supplementary Fig. S2 ). In situ hybridization results show that PhapLFY transcripts were detectable in the floral meristems of the developing inflorescence tips. However, the signals were rarely detected in the inflorescence meristems ( Fig. 3A-D) . In the young floral bud, PhapLFY transcripts were detected in almost all developing floral organs, with slightly higher levels in the sepals and column including pollinia ( Supplementary Fig. S2 ).
PhapLFY homodimer
To investigate whether PhapLFY forms a homodimer in the same way as AtLFY, the yeast two-hybrid system was applied. However, PhapLFY showed an autoactivation activity as a bait construct in the system, which is similar to AtLFY although its activity was not as strong as that of PhapLFY. In spite of the autoactivation of PhapLFY, the filter assay and b-galactosidase activity results showed that PhapLFY is likely to form homodimers in the same way as AtLFY (Fig. 4A-C) . N-terminal deletion forms of PhapLFY (PhapLFYÁ1-127 and PhapLFY Á1-277) do not exhibit dimerization or autoactivation activity. Thus, the N-terminal region (amino acids 1-127) of PhapLFY is important for both homodimerization and autoactivation activity ( Fig. 4A-C) . Positive results in bimolecular florescence complementation (BiFC) assays with PhapLFY were also observed ( Fig. 4D-G) . Apparent yellow fluorescent protein (YFP) signals were only detected in the nucleus of the orchid cells, further suggesting that PhapLFY acts as a homodimer at least to control the transcription of its downstream targets.
PhapLFY complements Arabidopsis leafy mutants
Since the plants homozygous for the lfy-32 allele showed strong sterility ( Supplementary Fig. S3 ), the pAtLFY:PhapLFY transgene was introduced into heterozygous lfy-32 plants (Fig. 5A) . Forty-three independent transgenic T 1 plants were obtained by green fluorescent protein (GFP) screening with BASTA spray for insertion of the transgene into the chromosome and the lfy-32 allele, respectively. Finally, eight plants homozygous for the lfy-32 allele as well as the pAtLFY:PhapLFY transgene insertion were identified and verified by genomic PCR (Fig. 5B) . The Arabidopsis lfy-32 mutant did not show obvious alteration in flowering time in spite of more cauline leves ( Fig. 5C ; Fig. 1 Construction of a phylogenetic tree with LEAFY proteins from various plant species: Antirrhinum majus (M55525, FLO), Arabidopsis thaliana (AAM27941, AtLFY), Carica papaya (DQ054794, PFL), Citrus maxima (ABJ97282, CmLFY), Citrus sinensis (AAR01229, CsLFY), Cymbidium hybrid cultivar (AGE45851, ChLFY), Lilium longiflorum (ABR13015, LlLFY), Malus domestica (BAB83096, AFL1), Medicago sativa (AEO16611, MsLFY), Nicotiana tabacum (AAC48985, NFL1), Oryza sativa (BAA21547, RFL), Phalaenopsis hybrida cv. wedding promenade (FJ469985, PhalLFY), Pinus radiata (U76757, NLY), Pisum sativum (AAC49782, PsUNI), Platanus racemosa (AF106842, PlaraLFY), Populus balsamifera (U93196, PTLF), Prunus persica (ABM63321, PpLFY), Silene coeli-rosa (AJ311804, ScLFY), Triticum aestivum (BAE78665, TaFLO/ LFY), Vitis vinifera (ADE58105, VFL), Zea mays (AAO43175, ZFL1) and Zea mays (AY179881, ZFL2). PhapLFY from Phalaenopsis aphrodiate subsp. formosana is marked with an asterisk. The tree was constructed using the Molecular Evolutionary Genetics Analysis version 5 (MEGA5) program (Tamura et al. 2011 ) with a maximum likelihood method. To estimate the reliability of the tree, a bootstrap analysis was performed with 1,000 replicates. Supplementary Fig. S4 ). However, its abnormal flowers contained abnormal leaf-like sepals and carpels but no petals or stamens, these latter being homeotically substituted by increased numbers of sepals and carpels, respectively. In contrast, wild-type flowers contain four sepals, four petals, six stamens and two carpels. The abnormal floral phenotype of the lfy-32 mutant was almost fully rescued by the pAtLFY:PhapLFY transgene without obvious flowering time changes ( Fig. 5D ; Supplementary Fig. S4 ). The main shoot of these transgenic plants produced flowers in both basal and apical positions, and most of them had all four floral organ types. However, a truncated PhapLFY gene producing the N-terminal deleted form of PhapLFY, PhapLFYÁ1-127, could not rescue the aberrant floral phenotypes of the lfy mutant, indicating the importance of the N-terminal region of the protein for its function ( Supplementary Fig. S4 ).
Ectopic expression of PhapLFY in rice causes early heading
Transgenic rice plants overexpressing PhapLFY were generated to test the effect of PhapLFY on rice heading time ( Fig. 6A, B) . Transgenic rice exhibited early heading compared with the control, Tainung67 (TNG67), by 14-17 d (Fig. 6G) . The expression of OsMADS14 and OsMADS15, rice homologs of Arabidopsis AP1, was also increased in the transgenic rice plants (Fig. 6C) . Moreover, transgenic rice plants overexpressing both PhapLFY and PhapFT1 (an FT homolog of P. aphrodite subsp. formosana; GenBank accession No. KJ609179) were produced, and the transgenic rice plants exhibited precocious panicles. Five independent T 3 lines flowered within 50 d after sowing with increased expression of OsMADS14 and OsMADS15 ( Fig. 6D-G) . Interestingly, PhapLFY is likely to have a stronger influence on the expression of OsMADS15 whereas PhapFT1 has a major effect on OsMADS14 expression. In contrast, the expression of OsMADS50, a rice SOC1 ortholog, was decreased in the leaves of transgenic rice plants expressing PhapLFY alone or together with PhapFT1 ( Supplementary Fig. S5 ).
Reduced expression of PhapLFY produces abnormal orchid flowers
To examine the role of PhapLFY in orchid flower development, virus-induced gene silencing (VIGS) of PhapLFY was applied to the inflorescences of the orchid together with the control, VIGS of the GUS (b-glucuronidase) construct. Phenotypes of each first open flower from VIGS-PhapLFY and control plants were observed. Interestingly, two major visible phenotypes were discovered only in the flowers of VIGS-PhapLFY plants: the color of the abaxial side of the lower sepals became strongly greenish, and red pigmentation in the middle of the lips of flowers was significantly reduced compared with that of control flowers (Fig. 7A) . Besides the reduced red pigmentation, morphological alterations in the epidermal cells of floral organs such as petals and the lip were also observed by scanning electron microscopy ( Fig. 6D-I ). Endogenous PhapLFY expression was reduced in the VIGS-PhapLFY flowers, while total Chl content in the sepals of the flowers was increased (Fig. 6B, C) . Thus, the expression of PATC152852), PaAP3-1 (PATC240636) and PaAGL6-2 (PATC138772) was investigated in the sepals of the VIGS-PhapLFY and the control, VIGS-GUS plants. Some MADS-box genes, as putative floral organ identity genes, are known to be expressed in the sepals of P. aphrodite. In particular, based on transcriptomic analyses of the orchid, PaAGL6-2 is a flower-specific gene (Su et al. 2013) . Reduced expression of PaPI-1 and PaAGL6-2 in the sepals of VIGSPhapLFY plants indicated that PhapLFY affects the expression of floral organ identity genes in the orchid ( Supplementary  Figs. S6, S7 ).
Discussion
Construction of the phylogenetic tree followed by amino acid comparison showed that PhapLFY is a member of the LFY family monocot group which contains two conserved regions at both ends of the protein. It formed a cluster together with LFY proteins from other orchid species including Cymbidium hybrid cultivar and P. hybrida cv. wedding promenade. The transcripts of PhapLFY were weakly detected in all the organs examined, with slightly higher levels in the young developmental stage of the plant. A similar expression pattern has been reported in LFY homologs from various plant species including papaya (PFL), radish (RsLFY), Cornus (CorLFYs) and pineapple (AcLFY) (Yu et al. 2005 , Oshima and Nomura 2008 , Lv et al. 2011 . Overall, so far, different spatio-temporal expression patterns of LFY/FLO homologs have been reported in various plant species. Some LFY/FLO homologs appear not to be expressed in vegetative tissues and others are much more strongly expressed in reproductive than in vegetative tissues, while yet others are likely to be expressed at similar levels, implying the existence of functional divergence in the LFY/ FLO genes in different plant species (Chujo et al. 2003 , Dornelas et al. 2004 , Dong et al. 2005 , Yu et al. 2005 , Allnutt et al. 2007 , Ma et al. 2008 , Oshima and Nomura 2008 . Interestingly, high accumulation of PhapLFY transcripts was observed in the developing inflorescences which contain several floral bud primordia. This result is similar to that reported for LFY homologs of other plants including Arabidopsis (Moyroud et al. 2010, Siriwardana and Lamb 2012b) . During vegetative growth of the orchid, the expression of PhapLFY was comparatively high in the leaves but gradually decreased as the plant became mature, suggesting a possible role in leaf development. In situ hybridization results supported the qPCR results since signals for PhapLFY transcripts were detected in emerging floral primordia along the inflorescence. In the differentiated young floral bud, PhapLFY transcripts were detectable in almost all floral organs, with slightly more intense signals in the column including the pollinium. However, the results of in situ hybridization were different from those of PhalLFY from P. hybrida cv. wedding promenade in spite of the high sequence similarity between PhapLFY and PhalLFY genes (Zhang et al. 2010) . The signals of PhalLFY transcripts were generally very strong in almost all organs used for in situ hybridization including the whole inflorescence meristem. One of the reasons for the difference might be due to the low probe specificity for in situ hybridization. For PhalLFY, a 1,000 bp fragment of the PhalLFY gene was used for probe generation (Zhang et al. 2010) , whereas, in this study, a 264 bp fragment of the PhapLFY gene was used in the in situ hybridization. In addition, it has been reported that injection of gibberellins into orchids had a positive influence on floral induction (Su et al. 2001) . Gibberellin-mediated up-regulation of LFY expression was studied in detail in Arabidopsis. At least three MYB transcription factors are implicated in gibberellin responses, and one of them, AtMYB33, binds to the cis-element in the AtLFY promoter, suggesting that gibberellins regulate AtLFY through AtMYB33. AtMYB33 transcripts accumulate in the shoot apex of plants later in development, and this accumulation is also dependent on gibberellins (Blazquez and Weigel 2000, Gocal et al. 2001 ). Thus, it would be interesting to isolate the promoter region of the PhapLFY gene and compare the sequence with other LFY promoters from various plant species including Arabidopsis. PhapLFY has a transcriptional autoactivation activity in yeast cells similar to that shown by AtLFY at a weaker level. Previously, genome-wide binding and expression studies have showed that AtLFY can act as both a transcriptional activator and repressor (Wagner et al. 1999 , William et al. 2004 , Winter et al. 2011 . PhapLFY also forms a homodimer (or an oligomer) in the same way as AtLFY. This interaction was verified by in vitro glutathione S-transferase (GST) pull-down assays and BiFC assays in the orchid cells. Based on the results from yeast systems and pull-down assays, the N-terminal region of PhapLFY is necessary for the dimerization as well as autoactivation activity of the protein. This characteristic of the interaction is also reminiscent of AtLFY which requires its conserved Nterminal region for dimerization (Siriwardana and Lamb 2012a) . It is likely that the functional roles of the N-terminal region of LFY proteins from various plant species are conserved, except for ScLFY, which has a unique feature in its N-terminus: a long variable region in front of the conserved N-terminal region (Allnutt et al. 2007 ). The existence of PhapLFY in the nucleus of orchid cells implies that it plays roles, as a putative transcription factor, in orchid development through transcriptional regulation of its target genes.
Unlike ScLFY from Silene coeli-rosa, which could not complement the Arabidopsis lfy mutant (Allnutt et al. 2007 ), the pAtLFY:PhapLFY construct rescued Arabidopsis lfy-32 mutants, demonstrating that PhapLFY is able to compensate functionally for AtLFY. As shown in protein-protein interaction results, the N-terminal region of PhapLFY is essential not only for the formation of homodimers but also for its functional activity in rescuing lfy-32 since the truncated form of PhapLFY (PhapLFYÁ1-127) was not able to complement the mutant. In addition, it is noteworthy that lfy-15 mutants containing pAtLFY:RFL, a rice homolog of Arabidopsis LFY, showed partial complementation of the lfy mutant in floral organ differentiation and additional defects in leaves and ovules, with dramatic induction of AGAMOUS (AG) and AP1 expression, which was not observed in pAtLFY:AtLFY lfy-15 plants, indicating functional distinction between AtLFY and RFL molecules (Chunjo et al. 2003) . It was also shown that the heading date of transgenic pCaMV35S:AtLFY rice plants was about 30 d earlier than that of wild-type plants (He et al. 2000) . Interestingly, pUbi:RFL transgenic rice plants but not pCaMV35S:RFL were reported to cause precocious flowering (Chujo et al. 2003 , Rao et al. 2008 . Whether PhapLFY had such flowering promotion activity in rice was investigated by overexpressing PhapLFY under the ubiquitin promoter. Compared with the wild-type control, transgenic pUbi:PhapLFY plants exhibited early heading without any abnormal floral morphology, and the expression levels of the rice AP1 homologs such as OsMADS14 and OsMADS15 were increased in those plants, showing similarity with the precocious induction of AP1 in pCaMV35S:AtLFY Nilsson 1995, Parcy et al. 1998) . Simultaneous overexpression of PhapLFY and PhapFT1 in rice showed earlier flowering than pUbi:PhapLFY alone, which is similar to a report that in Arabidopsis double overexpression of two floral integrators, LFY and FT, had additive effects on flowering (Moon et al. 2005 ). Comparison of the expression level of the rice AP1 homologs OsMADS14 and OsMADS15 in pUbi:PhapLFY and pUbi:PhapLFY-pUbi:PhapFT1 double transgenic rice plants supports the notion that the two genes may act independently in rice heading by affecting different targets, explaining the additive effect for decreasing the heading date. In agreement with this, transgenic rice plants overexpressing PhapFT1 showed a major effect on OsMADS14 up-regulation, while a subtle increase of OsMADS15 expression was observed in those plants (Jang et al. 2015) . Indeed, overexpression of the rice AP1 genes such as OsMADS14 and OsMADS15 has been reported to cause extremely early flowering in rice (Jeon et al. 2000 , Lu at al. 2012 .
RFL is expressed in the leaves, unlike Arabidopsis LFY, which is expressed in the flower meristem, and overexpression of RFL in rice using the ubiquitin promoter drives early heading in part through the activation of OsMADS50 expression (Rao et al. 2008) . In contrast to Arabidopsis SOC1, which acts downstream of FT in the shoot apex, OsMADS50 activates Ehd1 in leaves to induce Hd3a and RFT1 (Lee et al. 2004 , Park et al. 2008 , Komiya et al. 2009 ). Strikingly, however, the expression of OsMADS50 in the leaves of transgenic rice overexpressing PhapLFY alone or together with PhapFT1 is lower despite the expression of Hd3a and RFT1 being higher than that of TNG67, a control plant ( Supplementary Fig. S5 ). Recently, it was shown that the TNG67 rice cultivar, which is known to be photoperiod insensitive, has defects in Hd1 and Ehd1 genes, and their defective transcripts can be detected in the cultivar . Thus, it
is not yet clear whether the difference of OsMADS50 expression between transgenic rice plants expressing RFL and PhapLFY is due to the different rice cultivars used in each transformation or molecular divergence of each LFY protein, RFL and PhapLFY. Also, a recent study showed that quadruple knock-down plants for OsMADS14/15/18/34 exhibited reduced expression of Hd3a and RFT1, resulting in delayed heading (Kobayashi et al. 2012) , and, consequently, it was suggested by the authors that those MADS-box genes function upstream of Hd3a and RFT1 in the leaves. Thus, the possibility that the expression of Hd3a and RFT1 is up-regulated by activated OsMADS14 and OsMADS15 in the leaves rather than by PhapLFY and/or PhapFT1, directly, cannot be excluded.
VIGS of PhapLFY in the orchid resulted in reduced expression of endogenous PhapLFY and, consequently, exhibited phenotypes in the orchid flowers including increased Chl content in the lower sepals, reduced pigmentation in the lip and even abnormal cell morphologies in the epidermis of the floral organs, indicating reduced floral characteristics. Adaxial and abaxial epidermal cells of lip tissues of the VIGS-PhapLFY flowers resembled those of Phalaenopsis lips treated by PeMADS2/3-VIGS, suggesting that PhapLFY may act upstream of genes involved in floral organ development in Phalaenopsis orchids (Pan et al. 2014) . Indeed, the expression of putative floral organ identity genes such as PaPI-1 and PaAGL6-2 was significantly reduced in the VIGS-PhapLFY flowers. In Phalaenopsis orchids, four AP3 homologous genes (PaAP3-1-PaAP3-4 in P. aphrodite and PeMADS2-PeMADS5 in P. equestris) whose expression pattern in orchid flowers is similar but different among them, were found, whereas only one PI ortholog (PaPI-1 in P.aphrodite and PeMADS6 in P. equestris), as the same B-class gene, was identified (Su et al. 2013 , Hsu et al. 2014 ) which might be one of the reasons to explain why PaPI-1 was largely affected rather than PaAP3 genes in the VIGS-PhapLFY flowers. Moreover, reduced red pigmentation and the morphological appearance of epidermal cells in lips of PeMADS9 (an AGL6 homolog)-silenced P. amabilis orchids were recently found to be similar to those of the VIGS-PhapLFY plants, correlating with the reduced expression level of PaAGL6-2 in the PhapLFY-silenced plants . Additionally, a recent report by Yamaguchi et al. (2012) implicated AtLFY in adaxial identity of cells in the pedicel of Arabidopsis. Thus, taken together, all the results indicate that PhapLFY at least plays a role in the early stages of flower development. In particular, the higher Chl content and reduced pigmentation in floral organs and the aberrant epidermal cell shape in the VIGS-PhapLFY flowers are probably due to the interruption of the proper process for the determination of floral meristem identity and/or floral organ identities.
Materials and Methods

Plant materials and growth conditions
Phalaenopsis orchids (P. aphrodite subsp. formosana) were purchased from Chain Port Orchid Nursery (Ping Tung, Taiwan). The orchids were grown in the growth chamber environment (16 h light, 28 C/8 h dark, 25 C, or 16 h light, 22 C/8 h dark, 18 C) for each experiment. An Arabidopsis lfy mutant, lfy-32 (SAIL_1186_C08), which contains a T-DNA insertion at 372 bp from the start ATG in the first exon of the LFY gene, was used for the complementation test. Generally, Arabidopsis plants were grown in the growth chamber under longday conditions (16/8 h photoperiod at 100 mmol m -2 s -1
) at 23 C. Tainung67 (TNG67), a Taiwanese rice cultivar, was used to produce transgenic rice plants, and the transgenic plants were grown in the outdoor GMO greenhouse in the Biotechnology Center in Southern Taiwan of Academia Sinica (AS-BCST, Tainan).
Cloning of the PhapLFY gene from P.aphrodite subsp. formosana 5 0 TVGGKTTYACKGCGAGCACKC; and Deg-R, 5 0 GCGTARCAGTGVACGTAGTG) were originally designed from conserved regions of LFY homologs from Cymbidium orchid, rice and Arabidopsis. These primers were used to amplify a 865 bp product from P. aphrodite subsp. formosana floral bud cDNA. A 5 mg aliquot of total RNA was used to synthesize cDNAs by superscript III (Invitrogen) and the PCR product was amplified with 2 U of Phusion High-fidelity DNA Polymerase (NEB), with 10 mM of each primer in 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 0.2 mM dNTPs, 3 mM MgCl 2 in a final reaction volume of 50 ml. PCR cycles were one cycle of 30 s at 98 C, 35 cycles of 10 s at 98 C; 30 s at 56.5 C; and 40 s at 72 C, and a final 6 min at 72 C. Sequencing confirmed the strong homology of this fragment to LFY genes from other plant species. Internal gene-specific primers for PhapLFY were designed for the isolation of a full-length clone by rapid amplification of cDNA ends (RACE) using a SMART TM RACE cDNA amplification kit (BD Biosciences Clontech). Internal primers for 5 0 -and 3 0 -RACE of PhapLFY were 5 0 GTATCGCTCGCCAACGAGAAGATC (GS-5 0 RACE) and 5 0 GACGAACCTAG TATTCCGGTAC (GS-3 0 RACE), respectively. The cDNA of the PhapLFY full ORF was obtained by PCR with attB-linked gene-specific primers, and the PhapLFY entry clone was constructed by BP reaction with pDONR207 (Invitrogen).
Expression analysis
Total RNAs from various organs of P. aphrodite subsp. formosana were extracted using an RNeasy Plant Mini Kit (Qiagen) and treated with RNase-free DNase (Invitrogen) following the manufacturer's protocol to remove any residual genomic DNA. DNase-treated RNA was subjected to reverse transcriptase reactions using oligo(dT) primer and Superscript II reverse transcriptase (Invitrogen) according to the manufacturer's instruction. The same procedure was applied to cDNA syntheses of Arabidopsis and rice after RNA extraction. Subsequent PCR was performed with the first-strand cDNA mixture and EX-Taq polymerase (TAKARA BIO INC.). qPCR was performed on the CFX96TM real-time system (Bio-Rad) using Maxima SYBR Green qPCR Master Mix (Thermo). The primers used for quantification are listed in Supplementary Table S1 . For PCR, each sample was analyzed in triplicate. The running protocol was: denaturation at 95 C for 10 min and annealing/ extension repeated 40 times (95 C for 15 s and 60 C for 30 s, data acquisition was performed). Housekeeping genes such as PaAct (Su et al. 2011) or OsAct (Song et al. 2013) were included in the reactions as internal controls for normalizing the variations in the amount of cDNA used (Guénin et al. 2009 ). The threshold cycle (C T ) was automatically determined for each reaction by the system set with default parameters. The specificity of the quantitative reverse transcription-PCR (qRT-PCR) was determined by curve analysis of the amplified products using the standard method installed in the system.
In situ hybridization
Young spike and flower buds of Phalaenopsis orchid were collected and fixed, dehydrated, embedded, sliced (10 mm thickness), and hybridization was performed as previously described (Lin et al. 2014 ) with slight modification. For preparation of digoxigenin (DIG)-labeled RNA probes, a gene-specific 264 bp fragment of PhapLFY was amplified using the following primers: 5 0 CTCTGC TGCCCACTCCTTC 3 0 (forward) and 5 0 GCCCTAAACTCATGCATG 3 0 (reverse). The DNA fragment was cloned into the pGEM-T vector (Promega) and each sense and antisense probe was synthesized by T7 and SP6 RNA polymerases, respectively. Hybridization was performed at 62 or 63 C with 20 ng of DIG-labeled RNA probe.
Yeast experiments
Yeast transformation and X-gal filter assays were performed as described previously (Jang et al. 2009 ). Two independent yeast colonies were picked up for the filter assays, and interaction affinity was measured by quantitative bgalactosidase liquid assays (Lamb et al. 2002) with three independent colonies selected from each transformation. For bait construction with PhapLFY, PhapLFYÁ1-127, PhapLFYÁ1-277 and PhapLFYÁ278-472, each PCR product was digested by EcoRI/SalI and cloned into the EcoRI/SalI sites of the pBD-GAL4 Cam vector (Stratagene, USA). The primers used are listed in Supplementary  Table S1. GST pull-down assays
The cDNA encoding PhapLFY was cloned into the EcoRI/XhoI sites of the pGEX6p-1 vector (GE Healthcare) and introduced into Escherichia coli BL21 (DE3). The primers for the amplification of PhapFT1 are as follows: (forward) 5 0 GCGGAATTCATGGACCCAAGCGACGCCTTC and (reverse) 5 0 GACGTCGAC TAAAACATGGAAGGAGGGATTC. Underlined sequences represent the restriction endonuclease sites for EcoRI and SalI. Transformed cells were cultured to an optical density of 0.6 (OD 600 ) followed by induction with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG). After overnight induction at 16 C, cells were collected and homogenized with lysis buffer [10 mM Tris pH 8.0, 5 mM dithiothreitol (DTT), 1% Triton X-100, 150 mM NaCl]. The soluble GST fusion proteins were extracted and immobilized on glutathione-MagBeads (GenScript) for subsequent pull-down assays. Full-length PhapLFY (PhapLFY) and PhapLFYÁN1-127 were cloned into the pET201 vector (Sarnowska et al. 2007 ) and introduced into E. coli BL21 (DE3). PhapLFY and PhapLFYÁN1-127 were amplified with Phusion tag polymerase (NEB) by PCR using the primers (forward for PhapLFY) 5 0 GCGGGATCCGATGGACCCAAGCGACGCCTTC (forward for PhapLFYÁN1-127) 5 0 GCGGGATCCGGAAGCGATGTTTTTGCC TCCG and (reverse) 5 0 CGACTCGAGAAACATGGAAGGAGGGATTC. PCR products were digested with BamHI and XhoI and ligated into the BamHI/ XhoI sites of pET201, respectively. The nucleotide sequences for the fusion proteins were confirmed by sequencing (Sequencing Core Facility, SIC, Academia Sinica, Taiwan). Transformed cells were cultured until the OD 600 reached 0.6, and IPTG was added to a final concentration of 1 mM to start induction. After overnight induction at 16 C, cells were harvested and homogenized with lysis buffer (10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , 500 mM NaCl, 20 mM imidazole). The soluble thioredoxin (TRX):PhapLFY-6 Â His and TRX:PhapLFYÁN1-127-6 Â His fusion proteins were extracted and immobilized on Ni-charged MagBeads (GenScript) and the recombinant proteins were purified according to the manufacturer's instructions. The eluted proteins were applied to a PD MiniTrap G-10 desalt column (GE Healthcare) against buffer (10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , 500 mM NaCl) to remove imidazole. In vitro pull-down assays were performed with GST fusion protein beads and 4 mg of TRX:PhapLFY-6 Â His or TRX:PhapLFYÁN1-127-6 Â His fusion proteins. The mixture was incubated in a binding buffer (50 mM Tris-HCl at pH 7.5, 100 mM NaCl, 0.25% Triton X-100, 35 mM b-mercaptoethanol) for 4 h at 4 C. The collection of the beads was achieved using a MagRack 6 (GE Healthcare) followed by washing six times with binding buffer. The pulled-down proteins were separated on a 12% SDS-polyacrylamide gel and detected by Western blotting using anti-GST or anti-His antibody.
Bimolecular florescence complementation assay
For BiFC in Phalaenopsis, the PhapLFY gene was introduced into pE3136 and pE3130 via LR recombination (Tzfira et al. 2005 , Citovsky et al. 2006 ). Bombardment-mediated transient transformation of Phalaenopsis was performed as described by Su et al. (2011) . DNAs (1-1.5 mg) coated on gold particles were bombarded into white sepals and petals of Phalaenopsis Soga Yukidian 'V3', a commercial hybrid Phalaenopsis orchid, using a Biolistic PDS-1000/He (Bio-Rad) with slight modification based on vacuum pressure. The bombarded explants were incubated in the dark for 24 h, and images of cells with fluorescence were taken by confocal microscopy (LSM 510 META NLO DuoScan, Carl Zeiss).
Plant transformation and virus-induced gene silencing
The PhapLFY gene and its truncated form with in-frame deletion of nucleotides (for PhapLFYÁ1-127 protein) were placed under the control of the 2.3 kb Arabidopsis LFY promoter, and the transgenes pAtLFY:PhapLFY and pAtLFY: PhapLFYÁ1-381 nucleotides, respectively, were introduced into Arabidopsis lfy-32 mutants by the floral dip method (Clough and Bent 1998) . For overexpression of target genes in rice, the binary vector pGA3426 and its derivative pGA3777 were used, and each transgene construct was introduced into the rice genome by Agrobacterium-mediated transformation (Kim et al. 2009 ). For VIGS of PhapLFY in orchids, gene-specific fragments of PhapLFY and the GUS gene were cloned into the pCymMV vector (Hsieh et al. 2013 , Pan et al. 2014 by in vitro recombination with BP Clonase II (Invitrogen) to generate pCymMV-PhapLFY and pCymMV-GUS, respectively. Agrobacterium tumefaciens containing each construct above was grown overnight at 28 C to OD 600 = 1.0. After centrifugation, bacterial cell pellets were re-suspended by adding 300 ml of Murashige and Skoog (MS) medium containing 100 mM acetosyringone and allowed to stand at room temperature for 30 min. For inflorescence injection, suspensions were injected into the inflorescence containing five internodes without any visible floral buds using a 1 ml syringe with a needle as described by Hsieh et al. (2013) .
Measurement of Chl content
In order to extract the Chl, 0.25 g of samples were ground into a powder with liquid nitrogen and mixed with 5.0 ml of 80% acetone and then centrifuged at 500 Â g for 15 min at 16 C. The absorbance of the supernatant was measured at 663.6 and 646.4, which are the major absorption peaks of Chl a and b. To calculate the content of Chl a, Chl b and total Chl, the following equations were used (Porra et al. 1989 ): Chl a = 12.25A 663.6 -2.55A 646.6 (mg ml 
Cryo scanning electron microscopy
The samples were frozen by liquid nitrogen slush, and then transferred to a sample preparation chamber at -160 C. After 5 min, the temperature was raised to -85 C and sublimated for 15 min. After coating with Pt at -130 C, the samples were transferred to the cryo stage in the scanning electron microscope chamber and observed at -160 C in a cryo scanning electron microscope (FEI Quanta 200 SEM/Quorum Cryo System PP2000TR FEI) at 20 kV.
Supplementary data
Supplementary data are available at PCP online.
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